1. Direct observations have been made on the responses of individual vessels of the microcirculation of rat spinotrapezius muscle to stimulation of the sympathetic paravascular nerve fibres and to topically applied catecholamines.
2. All arteries and arterioles were constricted by sympathetic stimulation, the maximum response occurring at a stimulus frequency of 8-10 Hz. Primary and secondary arterioles (13-50 jtm internal diameter) showed the greatest percentage change in diameter and remained constricted throughout the 1 min stimulation period whilst terminal arterioles (7-13 sum internal diameter) constricted initially but then returned towards their control diameter before the stimulus ceased.
3. By contrast the venules and veins showed no response to sympathetic stimulation.
4. In accord with these observations, fluorescence histochemical studies revealed a network of noradrenergic nerve fibres on all arterial vessels but showed no innervation of any venous vessels. 5. Topically applied noradrenaline or adrenaline (10-1o-10-8 g/ml.) dilated the majority of arteries and arterioles while higher concentrations of either agent produced dose-dependent constrictor responses. In addition, many venules dilated in response to adrenaline (10-9 g/ml.) while others constricted, but concentrations ofeither noradrenaline or adrenaline greater than 10-8 g/ml. produced dose-dependent constriction of all venules and veins.
6. The behaviour of the more proximal and more distal arterioles during sympathetic stimulation is in accord respectively with the changes in muscle vascular resistance and in capillary surface area recorded in previous studies during sympathetic stimulation.
7. The observation that venous vessels are not influenced by sympathetic nerve fibres contrasts with the established view that venous vessels of skeletal muscle are strongly constricted during sympathetic stimulation. However, reappraisal of the evidence used to support this view indicates that such results may have been misinterpreted, while other available evidence supports the proposal that the present findings may be representative of skeletal muscle vasculature in general. INTRODUCTION Most current concepts of the behaviour of the microcirculation of skeletal muscles during sympathetic stimulation derive from the ideas intoduced by Mellander (1960) in a study of the circulation of the cat hind limbs. Mellander's work was based on the premise that the vascular bed of skeletal muscle can be considered as a set of discrete units which are functionally distinct from one another and arranged in series. He maintained that during perfusion at constant pressure, changes in flow reflect the behaviour of the resistance section, i.e. predominantly arterioles, while changes in tissue volume show the behaviour of the capacitance section, i.e. mainly venules and veins. Using these assumptions he came to the conclusion that sympathetic stimulation produced a strong and well maintained constriction of the arterial vessels and a weaker, but nevertheless substantial, constriction of all the venous vessels. Later, capillary filtration coefficients, calculated from the rate of change of tissue volume after a known rise in venous pressure, were used to follow the behaviour of the highly specialized pre-and post-capillary sections said to be involved in the fine regulation of capillary flow and pressure (Cobbold, Folkow, Kjellmer & Mellander, 1963) . The results of these experiments led to the suggestion that terminal arterioles and precapillary sphincters were initially constricted by increased sympathetic activity but that in spite of maintained sympathetic stimulation they then relaxed, perhaps under the influence of vasodilator metabolites. These basic concepts have been supported by Browse, Lorenz & Shepard (1966) , who measured arterial and venous pressures in limbs with circulation occluded, by Folkow, Sonnenshein & Wright (1971) , who measured intravascular pressure at various levels of the vascular tree with perfusion at constant pressure, by Abboud & Eckstein (1966) , and Zimmerman (1966) , who measured segmental pressures during perfusion at constant flow and by Renkin & Rosell (1962) , who used radioactive tracers to measure changes in capillary surface area.
So far, there have been very few attempts to verify these ideas by means of direct in vivo microscopy. Zweifach & Metz (1955) made direct observations of the flow changes which took place in the rat spinotrapezius muscle during topical application of vasoconstrictor agents and following severe haemorrhage, but they gave little indication of the responses of individual, identified vessels. More recently, Eriksson & Lisander (1972) have provided additional information by measuring diameter changes in the vessels of the cat tenuissimus muscle during stimulation of the sympathetic chain. However, they made no mention of the time course of the responses in the larger arterial vessels as compared with the terminal arterioles, and gave little indication of the behaviour of the venous vessels.
The aim of the present study was therefore to build up a more detailed picture of the responses of individual sections of the microcirculation of skeletal muscle to sympathetic stimulation by direct in vivo observation. The muscle chosen for study was the rat spinotrapezius. As has already been reported in a brief account (Marshall, 1976) , the results of these experiments were not fully compatible with the ideas introduced by Mellander (1960) . Although the behaviour of the arterial vessels was broadly that predicted for them, the venous vessels on the other hand showed no response to sympathetic stimulation and were found by histochemical study to have no adrenergic innervation. It has been suggested previously that Mellander (1960) (Lesh & Rothe, 1969) . Reviewing Mellander's experiments and his interpretation of them in the light of the present and other histochemical and physiological studies it is proposed that sympathetic fibres have little if any direct influence on the venous vessels of skeletal muscle.
METHODS
Experiments were performed on forty-five female rats (100-200 g body weight) anaesthetized with a subcutaneous injection of urethane (250 mg/100 g). After tracheal cannulation the right spinotrapezius muscle was exposed by a dorsal mid-line incision and the rat transferred to the modified stage of a microscope. The muscle was arranged ventral surface uppermost over a transparent column set into the stage, in a manner similar to that described by . The muscle was irrigated with oxygenated Krebs solution and trans-illuminated with the normal microscope light source; a long focal length condenser was used to ensure that the maximum amount of light reached the top of the column. The muscle vasculature was observed with 10 x eye-pieces and long working-distance objectives (10/0-25, UMK 32/0-60 and UMK 50/0-60) giving final magnifications of up to 350 x . In order to follow the responses of a particular vessel the internal diameter at a selected site along its length was measured every 3-5 sec with a calibrated micrometer eye-piece. The microscope was fitted with a Bolex H16 M Cine Camera, so that the field could be viewed and filmed simultaneously, and the measurements checked later.
The sympathetic nerve supply to the muscle was activated through the paravascular nerve bundles. The main artery and vein which enter the muscle near its insertion into the scapula were carefully dissected from the surrounding fascia, arranged over a pair of silver wire electrodes and raised slightly above the level of the bathing Krebs solution. Rectangular pulses of 0-5 msec duration at intensities of 8-10 V were given at frequencies of 1-20 Hz for periods of 60 sec. The preparation was allowed to recover for at least 5 min between successive stimulation periods and during this time the artery and vein were lowered into the Krebs solution.
Noradrenaline and adrenaline solutions were topically applied to the preparation from a 1 ml. syringe in a volume of 0-1 ml. The solution was left in contact with the muscle for 60 sec and then flushed away with repeated applications of Krebs solution. The preparation was allowed to recover until it was judged to be in a resting state again, usually for 5-10 min.
The effect of aor fl-adrenoreceptor blocking agents on the vascular responses were studied by replacing the bathing Krebs solution with one containing the antagonist. The responses to stimulation were then re-examined.
Towards the end of each experiment papaverine sulphate (10-4 g/ml.) was applied to the preparation. The dilatations produced in individual vessels by this agent were assumed to be maximum responses, and dilator responses produced by other experimental procedures were expressed as a percentage of the maximum.
The drugs used were 1-adrenaline tartrate, guanethidine sulphate, 1-noradrenaline bitartrate, papaverine sulphate, phentolamine mesylate and propranolol hydrochloride. Concentrations of noradrenaline and adrenaline were expressed in terms of the base, and those of other drugs in terms of the salt.
The fluorescence histochemical method for localizing monoamines (Flack, 1962) was applied to fifteen whole mounts of the spinotrapezius, using a modification of the method applied to air-dried stretched preparations by Furness & Malmfors (1971) . Five of these were muscles which had been used for the physiological study so that vessels which had been observed in vitro could be identified and examined in the fluorescent preparations. The animal was stunned and bled, the muscle removed, placed ventral surface uppermost on a clean glass slide and the overlying fascia carefully removed with the aid of a dissecting microscope. The muscle was then stretched over the surface of the slide so that, as it dried and adhered to the slide, the vasculature was well displayed for observation. The preparation was placed in a desiccator with granulated P206 for approximately RESULTS 
Characteristic features of the vascular bed
The blood vessels of the spinotrapezius were defined according to their internal diameters and relative positions. The terminology used is based on the description given by Spalteholz (1888) .
The two arteries which supply the spinotrapezius have been referred to as 'main arteries'. These enter the muscle through its ventral surface, one near the insertion into the scapula, the other along its border with the spine; once inside the muscle they branch to form 'primary arterioles' (Fig. 1 ). The majority of these are interconnected and form the primary anastomosing network which gives rise to the secondary anastomosing network and thence to the 'terminal arterioles'. The latter cross the muscle fibres obliquely or perpendicularly, distributing capillary side branches which run parallel with the muscle fibres. At their distal ends the terminal arterioles are indistinguishable from true capillaries and divide to form two vessels which join the capillary network. The capillaries have internal diameters of 4-5 psm at their proximal ends, 5-6 #um in their middle portions where they are sometimes joined by transverse connections with adjacent capillaries, and 6-7 ,tm at their venous ends.
The arrangement of the venous vessels is very similar to that of the arterial vessels. Capillaries from adjacent terminal arterioles converge to form 'collecting venules'. These join venules ofthe secondary venular network and, in turn, veins of the primary venular network. The primary venules eventually unite to form three main veins: two of these leave the muscle parallel with the main arteries while the third emerges somewhere along the border with the spine.
Although the majority of arterial and venous vessels are arranged in anastomosing networks, the arterial and venous vessels in the thicker lateral edge of the muscle all branch in a terminal manner. These were classified by their internal diameters as primary and secondary arterioles, or primary and secondary venules, so that the terminology should be consistent throughout.
Under resting conditions, as would be expected, blood flowed into the muscle through the main arteries, round the arteriolar networks into the capillaries and thence to the venular networks and the main veins. The flow through all arterial and venous vessels was fairly steady, but flow through the capillaries was intermittent. There were always some capillaries through which blood was flowing at various rates, some which contained stationary cells and others which appeared to be empty. Those capillaries which did not contain moving cells were usually seen to have a red blood cell lodged in the capillary entrance, but they were always open throughout their length. Pre-capillary sphincter-like structures were never seen in this vascular bed.
Distribution of adrenergic nerves
The fluorescence histochemical studies demonstrated that the main arteries and veins were accompanied by weakly fluorescent, non-varicose adrenergic nerve trunks. Within the muscle, where the artery and vein began to diverge, the nerve trunks followed the arteriole and branched together with it. At frequent intervals, small side branches emerged from the nerve trunks and joined the fine network of varicosed adrenergic fibres which surrounded the main artery. This perivascular nerve network ( Fig. 1 ) was continuous along the length of the main artery and throughout the primary and secondary arteriolar networks; the density of the nerve network appeared to be constant throughout.
The terminal arterioles were each accompanied by two varicosed nerve fibres which originated from the network around the parent secondary arteriole; these ran on either side of the vessel and rarely crossed over it. After the first capillary branch the nerve fibres usually followed the terminal arteriole for a short distance, then branched out into the surrounding tissue and finally petered out. Adrenergic nerve fibres never accompanied any of the capillary vessels (P1. 2).
In direct contrast to the arterial vessels, the venules and veins were devoid of adrenergic innervation. The non-varicosed nerve trunks which accompanied the main arteries and veins did not send branches towards the main veins, nerve trunks never accompanied the smaller venular vessels and varicosed adrenergic nerve fibres were not found around main, primary or secondary venules or collecting venules (Pls. 1 and 2). Indeed venous vessels could only be distinguished in fluorescent preparations by virtue of the red blood cells which remained within them and appeared as dark shadows. (a) Stimulation of the paravascular nerves. All arterial vessels were constricted by sympathetic stimulation. The degree of constriction in individual vessels was graded with the stimulus frequency and usually reached a maximum with stimulation at 8-10 Hz. The largest responses, taken as a percentage decrease from the resting internal diameter, occurred in secondary and terminal arterioles (Fig. 2) . Main arteries and terminal arterioles were constricted evenly throughout their length but there were particular regions of primary and secondary arterioles, approximately 20 jum in length and 150-200 jsm apart, which developed exceptionally large degrees of constriction, reducing the internal diameter by up to 85 % from the resting state and giving these vessels a varicosed appearance. Responses of individual arterial vessels of a single preparation to paravascular nerve stimulation at 10 Hza frequency which in this preparation produced a maximum degree constriction. The diameter of each vessel, shown as a percentage of its control internal diameter (ordinate) is plotted against time in sec (abscissa). The horizontal bar indicates the period of stimulation. The anatomical classification ofeach vessel is indicated by the abbreviations used in Fig. 1 , the figures in brackets refer to the control internal diameter.
Main arteries and primary and secondary arterioles constricted gradually at the onset of stimulation. The constriction reached a maximum in 30-50 sec at which it remained until the stimulus ceased ( Fig. 3) . At the end of the stimulation period, main arteries gradually returned to control diameter while primary and secondary arterioles dilated to beyond control levels for 1-2 min before returning to the resting state. Terminal arterioles, on the other hand, constricted rapidly at the onset of the stimulus, reached maximum constriction in 10-15 see and then relaxed, often attaining their resting diameter before the stimulus ceased ( Fig. 3) : they gradually relaxed after the first 10-15 sec even when the stimulation period was extended to 2-3 min. Terminal arterioles always continued to dilate after stimulation and returned to the resting state some 2 min after the end of the stimulus. Dilatations after the stimulus were always larger in terminal arterioles, which showed diameter increases of 10-40 % from the pre-stimulus level, than in primary and secondary arterioles, which showed diameter increases of 5-25 % from the pre-stimulus level:
in individual vessels they were between 50 and 100 % of the maximum dilatation induced by topically applied papaverine. By contrast, stimulation of the paravascular nerve fibre had no effect on the capillaries or any of the venous vessels, up to and including regions along the main veins some 3 cm outside the muscle. This was true even when stimulus frequencies as high as 20 Hz were used.
Eight experiments were performed to establish that the responses to electrical stimulation were directly mediated by the adrenergic nerve supply to the vessels and were not reflex or myogenic in origin. The paravascular nerve bundles running alongside the main arteries and veins were crushed by carefully squeezing the vessels between forceps. 20-25 min after crushing the nerves, the diameter of individual vessels of the microcirculation had returned to within 10-20 % of the control level; the main vessels were then replaced on the electrodes. Crushing the paravascular nerves distal to the electrodes (four experiments) abolished all responses to electrical stimulation but when they were crushed proximal to the electrodes (four experiments), responses in individual vessels were 80-100 % of control responses. In three experiments, guanethidine (10-6 g/ml.) and in five experiments, phentolamine (10-6 g/ml.) was added to the bathing Krebs solution. Within 15-20 min, the diameter of individual vessels had returned to within 20 % of control levels. The constrictor responses to electrical stimulation were abolished, or reduced by at least 80 %. In five experiments, propranolol (2-5 x 10-6g/ml.) was included in the Krebs solution. 15-20 min later, individual vessels were within 10 % of control diameters and responses to nerve stimulation were indistinguishable in time course and magnitude from those observed under control conditions. Thus, neither the secondary relaxations nor the after-dilatations were mediated via fi adrenoreceptors.
(b) Noradrenaline and adrenaline. Noradrenaline was topically applied to the preparation in concentrations ranging from 10-M-10-7 g/ml. and dose-response curves were obtained for individual vessels. Different concentrations were applied in random order. In most experiments this procedure was also carried out with adrenaline (10-11-10-7 g/ml).
Noradrenaline and adrenaline affected all sections of the arterial and venous trees but had no effect on the capillaries.
Low concentrations of noradrenaline (10-10-10-8 g/ml.) dilated the majority of main arteries, primary and secondary arterioles and some of the terminal arterioles (Fig. 4) ; the rest of the arterial vessels were constricted by these concentrations. Dilator responses were largest in secondary and terminal arterioles (Fig. 2) , where they were up to 75 % of the dilatation induced by papaverine. The threshold for a response in the venous vessels was 10-8 g/ml. which produced a slight constriction of most vessels (Fig. 4) ; a few venous vessels were dilated by noradrenaline.
Noradrenaline in concentrations greater than 10-8 g/ml. constricted all arterial and all venous vessels. Maximum responses in the arterial tree were largest in secondary arterioles (Fig. 2) , their internal diameters being reduced by up to 85 %. The concentration required to produce a maximum response decreased towards the capillary bed, generally from 10-7 g/ml. for main arteries to 3 x 10-8 g/ml. for terminal arterioles. On the venous side of the circulation, the largest responses occurred in collecting venules (Fig. 2) , their internal diameters being reduced by 30 % at most. The concentration required to produce maximum responses increased progressively away from the capillary bed, ranging from 6 x 10-8 g/ml. for collecting venules to l-, g/ml. for main veins.
All arterial and venous vessels were more sensitive to adrenaline than to noradrenaline. Low concentrations of adrenaline (10 11-10-8 g/ml.) dilated all main arteries, primary and secondary arterioles and most terminal arterioles (Fig. 5 ) while the remainder of the terminal arterioles were constricted. The internal diameters were increased by up to 60 % (Fig. 2) and in the majority of vessels these responses were equal to those produced by papaverine. The threshold for an effect on the venous vessels was 10-9 g/ml. which dilated the majority of primary and secondary venules (PI. 2) and constricted other venous vessels.
. Fig. 4 , abbreviations and vessel diameters as in Fig. 1 .
Concentrations greater than 10-8 g/ml. constricted all arterial and all venous vessels (Fig. 5) . The magnitudes of the maximum responses in individual vessels were equivalent to those produced by noradrenaline: 6 x 10-8 g/ml. produced maximum constriction of all sections of the vascular bed.
Constrictor responses to both catecholamines usually reached a maximum within 30 see of application. The regions of primary and secondary arterioles which showed particularly strong constrictor responses to sympathetic stimulation behaved in a similar way when exposed to catecholamines. Some of the arterial vessels and all the venous vessels maintained a steady level of constriction until the drug was washed from the preparation at the end of the 60 see observation period. However, the majority of the terminal, secondary and primary arterioles and a few main arteries showed a secondary relaxation, many regaining their resting diameter while still exposed to the drug.
15-20 min after phentolamine (10-6 g/ml.) had been administered (five experiments) the entire range of noradrenaline and adrenaline concentrations used in these experiments dilated all arterial vessels and some primary and secondary venules to the same extent as papaverine, while other venous vessels showed small constrictor responses.
The administration of propranolol (2-5 x 10-6 g/ml.) (four experiments) abolished or substantially reduced (by 75-100 %) dilator responses to low concentrations of the catecholamines and potentiated constrictor responses to higher concentrations so that dose response curves were shifted to the left. Vessels which had exhibited a secondary relaxation during exposure to noradrenaline or adrenaline continued to show this type of behaviour after propranolol.
Changes in flow produced by stimulation of paravascular nerves and by catecholamines
Stimulation with frequencies of less than 3 Hz resulted in a noticeable reduction in the velocity of flow in all sections of the vascular bed. Stimulation with frequencies greater than 3 Hz produced more pronounced and complicated changes. During the first 10-15 sec of stimulation, flow ceased in the majority of capillaries and smaller arterial vessels. When flow ceased, no part of the arterial tree was completely closed to flow, neither was there evidence of activity which could be attributed to precapillary sphincters, but vessels were often seen to be blocked by cells which lodged in the regions of intense constriction along primary and secondary arterioles or in capillary openings. In some parts of the arterial networks, flow reversed during this period and red blood cells were then seen to pass from more proximal capillary branches into the terminal arterioles and thence to the secondary arteriole. The flow velocity in the venous vessels was also considerably reduced, there was little movement of blood in collecting or secondary venules and blood drained very slowly from primary venules into main veins.
After 10-15 sec of stimulation the direction of flow began to revert to that seen under resting conditions. The velocity of flow began to increase, although cells still became lodged temporarily in strongly constricted regions of primary and secondary arterioles and there was some clumping of cells in the venous vessels. This return towards the pre-stimulation pattern of flow coincided with the secondary relaxation exhibited by terminal arterioles.
When the stimulus ceased, flow in all vessels appeared to be greater than control for 1-Ij min: this was particularly noticeable in the capillaries where flow became continuous, rather than intermittent as under resting conditions. After application of low concentrations of noradrenaline or adrenaline, the velocity of flow in all vessels was noticeably increased: again this was particularly evident in capillaries where flow became continuous. Concentrations greater than 10-8 g/ml. produced patterns of decrease and increase in flow which were very similar to those produced by the higher frequencies of sympathetic stimulation.
DISCUSSION
The major part of the spinotrapezius muscle has a terminal vascular bed which arises from an arrangement of anastomosing arterial vessels and drains into a system of anastomosing venous vessels. According to Stingl (1969) such networks are typical of flat muscles. The lateral edge of the spinotrapezius, which is much thicker than the more medial parts, is supplied by vessels which show a terminal pattern of branching: this pattern is more usual in round muscles (Stingl, 1969) . To some extent, thus, the spinotrapezius combines the anatomical and morphological features of these two main groups of mammalian muscle.
Histochemical study of the spinotrapezius has revealed an arterial innervation very similar to that described by Woollard (1926) and Hinsey (1928) . By tracing the sympathetic innervation in whole preparations of muscles from rats, guinea-pigs and cats they observed a rich plexus of nerve fibres around all the arteries and arterioles. Their observations that two nerve fibres followed each of the large capillary vessels is probably not inconsistent with the present work since it was usual at that time to use the term 'capillary' to refer to all the vessels of the terminal vascular bed, including terminal arterioles and venules (see Lewis, 1927) .
The description given by Fuxe & Sedvall (1965) in their fluorescence study of arterial and arteriolar innervation in cat gastrocnemius and tibialis is also similar to the present findings. It therefore seems that the distribution of sympathetic adrenergic nerve fibres to the arterial vessels of the spinotrapezius is comparable with that seen in other muscles.
The fact that all sections of the arterial tree were constricted on stimulation of the paravascular sympathetic fibres was consistent with the histochemical findings. The larger arterial vessels, viz. main arteries, primary and secondary arterioles, always remained constricted throughout the 1 min stimulation period, terminal arterioles constricted very rapidly at the onset of stimulation and then relaxed after about 10-15 sec, often attaining the resting diameter before the stimulus ceased. Since the internal diameters of primary and secondary arterioles were reduced by as much as 70 %, and much more than the main arteries, it seems likely that they are the sections of the arteriolar tree which are largely responsible for the maintained reduction in flow recorded in skeletal muscle during sympathetic stimulation (see Mellander, 1960) . The terminal arterioles undoubtedly make some initial contribution to flow reduction, but it seemed from the present experiments that these are the vessels responsible for the flow changes taking place during the later stages of sympathetic stimulation. As the terminal arterioles began to relax, flow commenced again in the majority of terminal arterioles, capillaries and collecting venules even though it had ceased soon after the onset of the stimulus.
These observations recall results obtained in previous studies: for example, Cobbold et at. (1962) found that the capillary filtration coefficient, which is a measure of functional capillary surface area, was initially reduced by sympathetic stimulation but assumed control values during continued stimulation, and Folkow et at. (1971) reported that the pressure in the more distal arterial vessels of a muscle perfused at constant pressure rose at the beginning of sympathetic stimulation but fell to control levels before the stimulus ceased. Such results were explained by the suggestion that 180 SYMPATHETIC 1NFL(,rEN(C ES ON MUSCLE VASCULATURE sympathetic stimulation initially constricts terminal arterioles and closes precapillary sphincters but that some local dilator influence later relaxes these same sections allowing capillary flow to resume. The present experiments provide a direct demonstration that terminal arterioles do exhibit the type of behaviour proposed in these earlier studies, in spite of the fact that, as with the direct observations of Hammerson (1969) and Eriksson & Myrhage (1972) , they have not revealed any evidence for the existence of precapillary sphincters. Since all sections of the vascular bed could be clearly seen to remain open throughout stimulation, something other than vessel closure must have been responsible for the cessation of flow in the capillary bed. The temporary lodging of red and sometimes white cells in the narrowest parts of the arterial vessels, and in the capillary openings during sympathetic stimulation, would provide an explanation for flow cessation: this phenomenon has already been observed in the cat tenuissmus under similar circumstances (Eriksson & Lisander, 1972) .
The mechanism responsible for the secondary relaxation of the terminal arterioles is not at all clear. It has become accepted that, under conditions of reduced flow, small precapillary vessels may be dilated by local accumulation of vasoactive metabolites or may exhibit a myogenic relaxation to a reduction in intravascular pressure caused by the constriction of more proximal vessels (Folkow, 1964) . There is also the possibility that the relaxation reflects some inherent property of the vascular smooth muscle, perhaps similar to the phenomenon demonstrated in isolated arterial vessels by Fara (1971) . The fact that terminal arterioles still showed a gradual relaxation after the first 10 sec even when the stimulation period lasted as long as 2-3 min although all larger arteries remained constricted throughout, is compatible with all of these possibilities. However, it is difficult to conceive how any of them could account for the finding that not only terminal arterioles but primary and secondary arterioles and some main arteries showed a secondary relaxation during exposure to doses of noradrenaline or adrenaline which produced similar degrees of constriction to sympathetic stimulation. The reason for the further relaxation of the terminal arterioles when sympathetic stimulation ceased and for the simultaneous dilatation of primary and secondary arteries remains equally uncertain. However, this behaviour is of interest because it is compatible with previous reports that, after sympathetic stimulation, blood flow increased to beyond control levels (Mellander, 1960) , capillary filtration coefficients became higher than under resting conditions (Cobbold et al. 1963 ) and resistance in the more distal arterial vessels fell to below control levels (Folkow et al. 1971) .
Thus, the present direct observations of the responses of arterial vessels of skeletal muscle to sympathetic stimulation are in full accord with results obtained in previous experiments using more indirect techniques.
In direct contrast, however, the present observations that venous vessels have no adrenergic innervation and showed no response to sympathetic stimulation are contrary to the accepted view that venules and veins of sleletal muscle are strongly constricted by sympathetic stimulation (Mellander, 1960 (Mellander, ,1971 ). Mellander's view was based on experiments on the cat hind quarters perfused at constant pressure which showed that sympathetic stimulation could mobilize up to 40 0 of the regional blood volume. He maintained that this was due to active constriction of the venous vessels J. M. MARSHALL rather than to passive venous emptying following the fall in intravascular pressure caused by constriction of arterial vessels. However others, using a similar preparation (Hadjiminas & Oberg, 1968) , have argued that passive venous recoil is unavoidable in such experiments and felt that they could fully account for the 10-15 % decrease in regional blood volume .which they recorded in response to bilateral carotid occlusion. Moreover, Baum & Hosko (1965) and Lesh & Rothe (1969) , using a skeletal muscle preparation perfused at constant flow in an attempt to preclude venous recoil, estimated that 10-20 % of the intravascular blood volume was the maximum which could be mobilized by active neurogenic venoconstriction. As Lesh & Rothe (1969) pointed out, the vascular volume of skeletal muscle is only 2-5 ml./100 g (Mellander, 1960) so the total amount which could be mobilized from all muscles of the body by this mechanism would only be about 1-5 ml./kg body weight, and of minor physiological significance.
The interpretation ofall these experiments has naturally relied upon the assumption made by Mellander (1960) , that a decrease in regional blood volume may be attributed to constriction of venous vessels: thus pre-supposing that constriction of the arterial vessels, which are responsible for the decrease in resistance to flow, has no significant effect on vascular volume. An estimate of the validity of this assumption can be made from Mellander's results using the same, simple mathematical relationships which he himself employed, viz. that the resistance of a tube of constant length is inversely proportional to the fourth power of its radius, while volume is directly proportional to the square of its radius. According to such a calculation the 6-fold increase in resistance to flow that Mellander (19601 recorded during sympathetic stimulation at 6 Hz would be expected to produce a 40 % decrease in blood volume: in fact, the recorded decrease in blood volume was approximately 35 %. Similar calculations performed on the vascular resistance changes which Mellander recorded at other stimulus frequencies yield values which in every case are very similar to the tissue volume changes which he actually measured. Thus it seems that the changes in vascular volume which have been recorded in skeletal muscle during sympathetic stimulation are (a) relatively small and (b) fully explained by constriction of arterial resistance vessels.
. The other experimental evidence which has been used to support the idea of sympathetically mediated venoconstriction in skeletal muscle is of two main kinds. The conclusion of Browse et al. (1966) that a rise in venous pressure recorded in an occluded limb preparation indicated venoconstriction in skeletal muscle has already been criticized (Hadjiminas & Oberg, 1968; Lesh & Rothe, 1969) on the grounds that the venous pressures were recorded in superficial veins and so may rather have reflected changes in the cutaneous circulation. The observation that pressures in small and large veins of muscle increased during sympathetic stimulation (Abboud & Eckstein, 1966; Zimmerman, 1966) is also inconclusive, for the changes were only 5-10 mmHg and could easily have been transmitted from the arterial vessels where pressures would have increased by as much as 60-80 mmHg (see Richardson & Zweifach, 1970) .
On the other hand, evidence has accumulated against direct sympathetic control over venous vessels of skeletal muscle. Webb-Peploe & Shepherd (1968) observed an increase in pressure within a perfused saphenous vein of the dog during sympathetic 182 SYMPATHETIC INFLUENCES ON MUSCLE VASCULATURE stimulation, but this pressure fell sharply at the first major branch draining skeletal muscle, suggesting that post-capillary vessels of muscle were little affected by the stimulus. Isolated veins of gracilis muscle showed a minimal response to electrical stimulation of adrenergic nerves although saphenous veins were strongly constricted (Vanhoutte, 1974) ; also veins from dog muscle had a very low catecholamine content in comparison with cutaneous veins (Mayer, Abboud, Ballard & Eckstein, 1968 ). Moreover, Fuxe & Sedvall (1965) in their fluorescence study of thin sections from cat muscle reported no adrenergic nerve terminals around intramuscular veins larger than 50 ,m except in a few exceptional cases, while a sparse innervation was present in some venules smaller than 50 ,sm. These authors, noting that sparse venous innervation was unexpected in view of Mellander's results, suggested that as small pre-and post-capillary vessels were difficult to distinguish in their histological sections, some of the vessels they had identified as arterioles innervated by two nerve fibres may in fact have been venules: it would seem equally likely that they had mistakenly identified innervated arterioles as innervated venules.
Thus, the results from previous studies, including that of Mellander (1960) , can support at most a weak direct sympathetic control over venous vessels of skeletal muscle, and this is just what would be expected from the present direct observations. If this view is accepted then the question whether catecholamines in the blood stream may influence the venous vessels of skeletal muscle becomes particularly important. It has been suggested that venous vessels may respond to transmitter overflowing from terminals on arterial vessels (Fuxe & Sedvall, 1965) . There was no evidence of this in the present experiments even when sympathetic fibres were stimulated at frequencies as high as 20 Hz. Yet, as far as can be judged, the vessels of the spinotrapezius were at least as sensitive to topically applied catecholamines as those of other preparations: the arterioles responded to noradrenaline and adrenaline in concentrations as low as 10-11 g/ml. and 10-1o g/ml. which is comparable with the sensitivity of arterioles of various skeletal muscle preparations (Gray, 1971 b) and the venules were only slightly less sensitive, responding to concentrations as low as 10-9 and 10-8 g/ml.
Estimates of catecholamine levels in rat plasma under resting conditions range from 10-9 g/ml. (Rodigas & Cession-Fossion, 1972 ) to 1-3 x 10 8 g/ml. (Chin & Evanuk, 1971) , while total catecholamine levels can rise to 1 1 x 10-8 g/ml. after severe haemorrhage, mostly due to an increased concentration of adrenaline (Rodigas & Cession-Fossion, 1972) , and to 1-5 x 10-8 g/ml. after exhaustive excerise mainly due to an increased noradrenaline concentration (Chin & Evanuk, 1971 ). Thus, it seems likely from the present experiments that the venous vessels may be under the influence of circulating catecholamines even under resting conditions. Indeed as the lower concentrations of adrenaline used in the present study dilated some of the venous vessels there is the possibility that changes in the absolute and relative concentrations of noradrenaline and adrenaline could induce either fl-mediated dilatation or a-mediated constriction of venous vessels. Such changes might be of functional importance in altering post-capillary resistance and thereby in setting the level of capillary hydrostatic pressure and rate of fluid filtration.
The arterioles are probably even more sensitive to circulating catecholamines than would appear from the present study (see Marshall, 1977) for topically applied catecholamines may be taken up by the adrenergic nerve terminals of the vessel wall before diffusing to the deeper smooth muscle (de la Lande & Waterson, 1967) . Since topically applied catecholamines in concentrations up to 10-8 g/ml. produced f-mediated dilator responses in the majority of arterial vessels in the spinotrapezius it seems likely that even the highest concentrations which might be reached in the blood stream would also be dilator. Whilst this dilator influence might be overcome under most circumstances by the direct action of sympathetic vasoconstrictor activity it seems possible that under circumstances such as the alerting stage of the defence reaction when vasoconstrictor activity to skeletal muscle may be reduced (Coote, Hilton & Zbrozyna, 1973) , the simultaneous release of adrenaline from the adrenal medulla (Grant, Lindgren, Rosen & Uvnas, 1958 ) may significantly augment the increase in muscle blood flow. Such a hormonally mediated dilatation might be of particular importance in an animal such as the rat which is reputed to have no sympathetic cholinergic dilator supply to skeletal muscle vasculature (Bolme, Novotny, Uvnas & Wright, 1970) .
Thus, the present direct observations on the rat spinotrapezius muscle provide direct support for the idea that during increased sympathetic activity the proximal arterioles constrict strongly and are predominantly responsible for the maintained increase in muscle vascular resistance, while the more distal arterioles constrict transiently and allow the capillary surface area available for exchange to be restored. By contrast, the present work showed that venous vessels of the spinotrapezius are not directly influenced by sympathetic nerve fibres although they may be signficantly affected by circulating catecholamines. These findings are in conflict with the accepted view (Mellander,(1960) that venous vessels of skeletal muscle are strongly constricted during sympathetic stimulation but reappraisal of the evidence used to support this view indicates that such results may have been misinterpreted while consideration of the other available evidence indicates that the present findings may be representative of skeletal muscle vasculature in general. This work was supported by the M.R.C.
